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ABSTRACT

The viscoelastic properties of adsorbed protein layer in food emulsions and foams are important
in providing stability to such systems. Linear stability analysis for a protein stabilized aqueous film
sandwiched between two semi-infinite oil phases with a viscoelastic liquid-liquid interface is presented.
The interfacial dilatational and shear viscoelastic properties are described by Maxwell models. The
aqueous film is found to be more stable for smaller values of dilatational (shear) relaxation times and
larger values of interfacial dilatational (shear) viscosities. The asymptotic values of maximum growth
coefficient for very large and very small values of interfacial dilatational (shear) viscosities were found to
be independent of relaxation times and correspond to those for immobile and fully mobile liquid-liquid
interfaces respectively. The aqueous film is shown to be more stable for larger viscosities of the oil phase
with the maximum growth coefficient approaching zero as the ratio of viscosities of oil and aqueous
phases approach very large values and an asymptotic value corresponding to that for a foam film for
very small viscosity ratios.
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1. Introduction

Thin liquid films are encountered in many food colloidal sys-
tems such as foams, emulsions, dispersions etc. Some of the ex-
amples of such food systems are whipped toppings, salad dress-
ing, mayonnaise, ice cream etc. The stability of such systems de-
pends on the stability of thin film separating gas bubbles, emulsion
droplets and dispersed particles. Food emulsifiers and proteins are
usually employed to provide stability to such colloidal systems. In
foams and emulsions, liquid from thin films drains due to capil-
lary forces as a result of surface/interfacial tension and radius of
curvature of film interface. The capillary pressure, responsible for
film drainage, is counterbalanced by intermolecular van der Waals,
steric, electrostatic, hydration and depletion interactions whenever
the film thickness becomes of the order of a few nanometers so
that the film eventually reaches a mechanical equilibrium. These
intermolecular interactions are mainly influenced by the emulsi-
fiers and proteins that are employed in such systems. Interfacial
tension and repulsive interactions between the two faces of the
film will tend to attenuate any imposed perturbations whereas the
van der Waals interactions will tend to enhance them thereby re-
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sulting in their growth. The film is deemed stable if the imposed
perturbations decay whereas the growth of the perturbations will
lead to eventual film rupture. Extensive investigations [1-9] on lin-
ear stability analysis of equilibrium thin films have been carried
out to evaluate the growth of perturbations and the timescale of
resulting film rupture. Recent studies have extended the analysis
of rupture of thin film on solid [10,11] as well as foam film [12]
due to imposed random mechanical perturbations. The effect of
these intermolecular interactions is usually accounted for through
a disjoining pressure [13] in the normal stress boundary condi-
tions. It has been shown that the imposed perturbations grow
whenever this disjoining pressure gradient (with respect to film
thickness) is positive [3]. The rupture time of an equilibrium film
can be evaluated as the time at which the amplitude of growing
imposed perturbation equals one half the film thickness. Previous
studies have investigated the effects of density variations [14] and
hydrophobic interactions [15] on film stability. Rupture of non-
Newtonian [16,17] as well as viscoelastic [18,19] thin films have
been investigated. The analysis has been extended to rupture of a
draining film due to imposed thermal [13,20] as well as random
mechanical [21] perturbations. In food systems, proteins are ex-
tensively employed to provide stability to emulsions and foams by
modifying the interparticle forces and, more importantly, by pro-
viding improved interfacial rheological properties to the oil-water
and air-water interfaces. Surface rheological measurements have
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Fig. 1. Schematic of a thin emulsion film between two semi-infinite oil phases.

shown that adsorbed films of disordered proteins (such as osq-
casein, B-casein) have a low surface shear viscosity whereas films
of globular proteins (such as «-lactalbumin, B-lactoglobulin) are
highly viscous [22-25]. The viscoelastic properties of adsorbed pro-
tein film are important for stabilizing oil droplet and gas bubbles
against coalescence in emulsion and foam systems [26,27]. In a
previous study [28], we have investigated the stability of a thin
film on a solid surface with a viscoelastic air-liquid interface by
linear stability analysis. In this study, we extend this analysis to
an aqueous thin film sandwiched between two semi-infinite oil
phases accounting for the viscoelastic nature of oil-water inter-
face. The stability analysis gives information on the dependence of
maximum growth coefficient and film rupture time on interfacial
viscoelastic properties.

2. Governing equations

Consider a thin protein stabilized aqueous film of thickness 2h
sandwiched between two semi-infinite oil phases. The schematic
of the film is shown in Fig. 1. The film is of length L in the x
direction and can be considered semi infinite in the other direc-
tion. The plane of symmetry is the origin of y direction. Therefore,
y = +h refer to the top and bottom oil-water interfaces respec-
tively. At t =0, an asymmetric periodic perturbation fqsin(kx) of
wavenumber k is imposed on the two faces of the film. The im-
position of this perturbation will result in a flow within the film
which is also influenced by Marangoni flow. If the perturbation
grows, the film will eventually rupture; otherwise the film will be
stable. The equations to describe the flow due to imposed distur-
bance are given by.

2.1. Aqueous film

The continuity equation is

av av

—~+—L=o0 (1)

ax ay

Assuming quasi-steady state, the equations of motion are
ap vy B%vy

=z =0, 2
8x+M< 9x2 + ay? @)
ap Pvy, 3%y,

- =0. 3
8y+M< ax2 + dy? 3)

The validity of the assumption of quasi-steady state is discussed
elsewhere [11]. Since the motion in the liquid film is due to
the imposed perturbation, it is reasonable to assume that the
film thickness h(x,t), pressure p(x,y,t), velocity in x direction
vx(x, y,t), and velocity in y direction vy(x, y,t) also have oscil-
lations of the same frequency as the imposed perturbation, i.e.,

fx,t) = foexp(ikx + Bt), (4)
p(X, Y. t) = pss + p'(¥) exp(ikx + Bt), (5)
Vx(x, ¥, t) = vy () exp(ikx + Bt), (6)

vy, ¥, 0) = v}, (y) exp(ikx + Bo), )

where pgs is the pressure in the Plateau border and g is the
growth coefficient. If 8 is positive, then the amplitude of perturba-
tion will keep increasing resulting in rupture of the film, otherwise
the perturbation decreases and disappears eventually.

Symmetry condition at the midpoint gives,

avx(x,0,t
y=o, ~vxx0.D_, (8)
ay
avy(x,0,t
y=o, 0D _, 9)
ay
At the oil-water interface, the kinematic condition gives,
a
y=h, vy(x,h,t):a—{. (10)

It is to be noted that the surfactant (protein) is soluble only in
the aqueous phase. Equation of continuity for the surfactant in the
aqueous phase for quasi steady state yields,

9%c N 9%c
ax2  3y?

with the boundary conditions,

=0 (11)

x=0, c=cCo,

x=1L, ¢ =co, (12)
ac

y=0, — =0. (13)
ay

The surfactant flux to the interface can be decomposed into (i) dif-
fusive flux jqifr to the subsurface and (ii) adsorptive flux j,4s from
the subsurface to the interface. These are given by,

. ac

Jaift = —Da— at ¥ = Ysubs (14)
y

where ysyp refers to the location of the subsurface and

Jads = —Kads (F - FO(Csub))- (15)

In the above equation, k.45 is the adsorption rate constant, I" is the
surface concentration of surfactant and Ip(cgyp) is the equilibrium
surface concentration corresponding to the subsurface concentra-
tion cgyp. The above equation is written for small deviation from
the equilibrium [13]. When the energy barrier to adsorption is
small (much less than kT), every surfactant molecule is immedi-
ately adsorbed upon its arrival at the subsurface. In this case, the
surfactant transport to the interface is governed by Eq. (14) [13].
Also, for small subsurface thickness, ysup & h.
Surfactant balance at the liquid-liquid interface yields,
ac .o 32r ar
r D —

_D_ v — -
x) = Ds a2 ot

=— , 16
Y y=h Bx( (16)

where D and I" are the diffusion coefficient and surface concen-
tration of surfactant respectively in the aqueous phase, vf(’ is the
interfacial velocity of the film and D;s is the surface diffusion co-
efficient. It is to be noted that the surfactant is not soluble in the
oil phase. Therefore, oil phase need not be included in the above
conservation equation for the surfactant, Eq. (16) can be rewritten
as,

] ] 32r  (dr\a
p& =—(rv2)—Ds—+(—>—C. (17)
Y ly—p Ox ax2 ac ) ot
For Langmuir adsorption isotherm,
I'mKc
Ip= , 18
077 + Kc (18)

where K and I3}, are constants.
dimensionalized to yield,

Equation (17) can be non-
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dc* _ (Tovh\ar=vy  Ds(55)h 92

ay*|y—y  \Dcol ) 0x* DLZ  jx*
(55)h ac*
:)Cr 8_[’* (193)
Erall

In the last term, —%= is a modified Peclet number whose value
will depend on the adsorption isotherm and surfactant concen-
tration. The temporal variation of surface concentration can be

ar

neglected if (%T)h « 1, In addition, I" = I'y + '}, where Iy is the
equilibrium surface concentration and I is the deviation from the
equilibrium due to interfacial mobility. We assume that 7 < Ip

[11,13,29] so that Eq. (19a) can be approximated as,

_act _(Dovhyave Dy(35)h 92c* (19b)
ay* |y \ Dcol ) ax* DLZ  jx*
For typical values K = 6; I'n =5 x 1078 moles/m?, ('[;iffb =

ar
2.6 x 10712 and 202" _ 5 5 1014, Therefore, surface diffusion

term is much smaller than the convection term in Eq. (19b) which
can then be approximated as

-D—| =r—(v9. (20)

Assuming the surfactant concentration profile in the aqueous
phase is of the form,

c(x,y) —co

dx,y) = = C exp(ikx) cosh(ky). (21)

Equation (11) can be solved with the boundary conditions (12) and
(13) to yield,

dc _ Topvi(hk?
dx ~ Dksinhkh
Using Gibbs adsorption equation,

do
Io=—RTc—,

dc
where R is gas constant, T is temperature and o is the interfacial
tension.

coshky exp(ikx + fSt). (22)

(23)

2.2. Oil phase

In order to solve the normal and shear stress balance at the
oil-water interface, we need to solve for the velocity field in the
oil phase. The equations of continuity and motion in the oil phase

are given by
d d

Ux Uy . (24)
X ay

where uy and uy refer to the x and y components of velocity re-
spectively in the oil phase.

apd %uy  9%uy

_9Pd -0, 25
0x +Md< ax2 + dy> (25)
dpd 2uy,  3%uy

_%Pd -0, 26
3y +Md< 0 + ay? (26)

where pg is the pressure and [y is the viscosity of oil phase re-
spectively. It is reasonable to assume

pa(X, y,t) = pa ss + Dy(¥) exp(ikx + Bt), (27)

Ux(x, y, t) = u,(y) exp(ikx + pt), (28)
uy(x,y,t)= u/y(y) exp(ikx + Bt), (29)

where pg s is the bulk pressure in the oil phase (far from the in-
terface). The velocity fields in the aqueous and oil phases should
satisfy the following boundary conditions:

Continuity at the interface:

y=h,  uxxy,0)=vxxy,0), (30)
y=h uyxyt)=vyxy,t), (31)
y — 00, ux(x,y,t) =0, (32)
y — 00, uy(x,y,t)=0. (33)

At the oil-water interface, normal force balance results in nor-
mal stress boundary conditions as given by [28,30]

t
—nPnn =2Hon + / Gs(t —t')n(b — 2HIy): Vspdt’
—0Q

t
+ / Ga(t —t')2HnVs.p0dt’
—00
t
+ / Gs(t —t')2HnV;.v0dt’ (34)
—00

where P refers to the difference in the pressure tensor across the
interface, Gs(t) and G4(t) refer to the surface shear and surface
dilatational relaxation modulus respectively, H is the curvature of
the interface, o is the surface tension, n is the unit normal, v? is
the surface velocity vector, b is the surface curvature dyadic de-
fined as, b = —Vs.n, Vs being the surface gradient operator. Since
15:Vsp® = V.00, we have,

t
—nPnn =2Hon + / Gs(t —t')nb: Vsu°dt’
—0Q

t
+ / Ga(t —t')2HnVs.p0dt'. (35)
—00

For a planar liquid-liquid interface, the above normal stress bound-
ary condition becomes,

0 d
P, t) — pa(x.h,t) + [T(h) + 21T (h) f — ZMBL; + g

ay
ROE By p——

d d 1
h1— v+ voh—( — ) Vdt’ 36
><{ 13XVX+Vy ]8y<h1>} :|7 (36)

where p(x,t) is the pressure inside the film, p4(x, h, t) is the pres-
sure in the oil phase, I7(h) is the van der Waals disjoining pressure
given by

_Aerr
24 h3’
where Aeff is the effective Hamaker constant. The contribution of
electrostatic interaction to the disjoining pressure may not be im-
portant at sufficiently high ionic strengths because of compression
of electrical double layer. In addition, the contribution of steric in-
teraction, being short range compared to van der Waals interaction,
is not considered here. In Eq. (36), IT’(h) is the gradient of the dis-
joining pressure with respect to film thickness, it and pg are the
bulk viscosity of the aqueous and oil phases respectively, o is the

k) =

(37)
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interfacial tension and h; is the surface metric (the other metric
hy being unity). Recognizing that

dl df \?
h 1+(—
Tax + <dx>

we get,

p(x, h,t) — pa(x, h,t) + IT(h) + 21T’ (h) f — 2M—+ W 88”;

t
(dx) |: / ’ /
= + Gy(t—t')+Gs(t—t
o+ [ tet=n 60
df He=
{ ]+(dx) 3x 1+(df)2}dt] (38)

Retaining only linear terms, we get,

ov u
P, h,t) — pa(x, h,t) + I (h) + 21T (h) f — 20— +2pq—~

ay ay
9% f
or,
pss + P’ (h) exp(ikx 4+ Bt) — py ss — py(h) exp(ikx + Bt) + 1 (h)
2V oy By (O
+2IT' (W) f — 21 5y + 214 5 =52 ) (40)

Since pss — pd.ss + I1(h) =0 for an equilibrium film, we have,

p’(h) exp(ikx + Bt) — p,(h) exp(ikx + Bt) + 211’ (h) f
B vy (h) duy(h\ _ Bz_f)
“( dy )Hud( dy )_ G<8X2 ' “n
From Eqgs. (4), (5), (7) and (29), Eq. (41) reduces to
/ / ’ dv’ (h) du’ (”l)
p'(h) —pg(h)+211 (h)f072pb< ; )+2Md< - )
y dy

= O'fo](z. (42)

For a viscoelastic interface, shear stress balance can be expressed
as [28,30]

t
—nlIPIls = Vso + / Galt — ) VeVs.n0dt
—00

t
+ / Gs(t —t')VsVs.p0at’

t
[ Gele =) x W[5 x 1) ]
+2(b—2HIy).(Vsv®).ndt’. (43)

For a planar liquid-liquid interface, the above shear stress bound-
ary condition becomes,

vy Bvx> (8uy Bux>
“(ax oy )y ok Ty )L,
t
2
=2+ [ {Gale—) +Gufe—0)

—00

3 ovo 3 3 /1
hy—h; —2% +hq —° — ) |dt, 44
X|:13x]3><+ ox y8y<h1>] (44)

which can be simplified to
avy  0vy duy  duy
“(ax+ay) ”d<ax+ay):
¢
f’2 / a(t—=t)+Gs(t -1t}
—00
2v0 VO f/f//
+ f/Z x / 1+ f,z
[( ) o X J1+f2

0 //

/7 y
-V +f2 0x 1—|—f/2

; f/// 4f//2f/ ,
1/1+f2v [1+f’2 (1+f’2)2ﬂdt‘ (45)

Retaining only the linear terms, the above equation reduces to,

avy  0vy duy  Juy
M( ox T ay )y:h = < ox T ay )y:h

t

2,,0

oo v
=— Ga(t —t') + Gs(t — t')) X dt, 46
ot [ Gale -0+ Gule-1) 3 (46)
—00
where v is the velocity at the oil-water interface. The first and

the second terms on the left-hand side refer to the shear stress
due to motion in the aqueous and oil phases respectively. The first
term on the right-hand side in Eq. (46) is the Marangoni effect.
Equation (46) can be rewritten as,

av ov Ju ou
(50l )
0x Y /J y=n ox Y / y=n

t

370—% _ ¢ _ 4 32‘/)9 /
o 3X+/(Gd(t t') + Gs(t t))—ax2 dt’. (47)

—00

Using Eqgs. (21)-(23), Eq. (47) can be recast as,

avy  dvy duy  Ouy
ILL( ox * ay )y:h Md( ox * ay )y:h
do v (h)k?
o Tovy(k coshky exp(ikx + Bt)

™ ‘oc Dksinhkh
t
82V0
+ f(Gd(t—t/)+Gs(t—t’))W2"dtﬁ (48)

—00

For a Maxwell model,

K N
Gd(S)ZEEXP _E )
exp( s )
S )"S ’

where x and s are dilatational and shear viscosities respectively.
Aq and Ag are relaxation times defined as

(49a)

Gs(s) = (49b)

=, (50a)
8d

he =25 (50b)
8s

where g4 and g are dilatational and shear elasticity respectively.

The solution of equation of continuity and motion for the aque-
ous thin film give the following solutions for the velocity and
pressure,
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vi(y) = i[c1 exp(ky) — c2 exp(—ky) + c3y exp(—ky)]

+ é[@ exp(ky) + c4exp(—ky)], (51)
vy, (¥) = c1exp(ky) + c2 exp(—ky) + c3y exp(ky)

+cqy exp(—ky), (52)
p'(y) =2u[czexp(ky) + caexp(—ky)], (53)

and the symmetry conditions (8)-(9) give,
C3 . C3
k2T
Similarly, the solution of the equations of continuity and motion

for the oil phase with the boundary conditions give the following
expressions for the velocity and pressure,

C3 =C4; 1 =-— (54)

u,(y) = da exp(—ky) +day exp(—ky), (55)
. i
uy(y) = —i[da exp(—ky) +dsy exp(—ky) ] + pdaexp(—ky),  (56)

Py (y) = 2pqds exp(—ky). (57)
Substituting the above expressions in the normal stress boundary
condition (37), we get,

4quc3 cosh(kh) — 2puqd4 exp(—kh) + 211" (2h) fo + 4puck cosh(kh)

+ 4ucskh sinh(kh) + 4¢3 cosh(kh) — 2uqdok exp(—kh)

— 214d4(1 + kh) exp(—kh) = o fok?. (58)
Substituting Egs. (51)-(57) in the shear stress boundary condition
(48) gives,
pk[2cq sinh(kh) + 2c3h cosh(kh) ]

+ p[2ciksinh(kh) + 4c3 sinh(kh) + 2c3khsinh(kh) ]
— 21tak(do exp(—kh) + dsh exp(—kh)) — 2j14d4 exp(—kh)

_ [0 Iok? cosh(kh) 2 KB
" | c Dksinh(kh) 1+ Brg 14 BAs

X [2(:1 cosh(kh) + 2c3h sinh(kh) + 2% cosh(kh)] (59)
The continuity of velocity at the interface yields,
2c1 sinh(kh) + 2c3h cosh(kh) = d; exp(—kh) + d1hexp(—kh), (60)
2c1 cosh(kh) + 2c3h sinh(kh) + %63 cosh(kh)
= —dy exp(—kh) — d4h exp(—kh) + ’1—<d4 exp(—kh). (61)

Equations (58)-(61) are solved for the constants cq, c3, d and dg
and the growth coefficient is calculated from the equation,

1
B = A (2cq sinh(kh) + 2c3h cosh(kh)). (62)
0
Define the following dimensionless parameters,
o = 27 o= HC3
L7 21T hfy’ 3T o
; pda «_ Mdg
27 2T |hfy 47 21T h (63)
h? 3o\ I
M*:ﬂ; cp* = 7T, e (Z2)2 (64)
2 21T Aegr ac ) uD
* K * Ms *
K= n Hs=h " =k (65)
A A
=B =t =t prope (66)

2|IT'|h T R 4

where 7 is the characteristic time, cp* is the ratio of capillary force
and disjoining pressure, k* is the dimensionless wavenumber, 8*
is the dimensionless growth coefficient, * and pu; are the dimen-
sionless surface dilatational and surface viscosity respectively and
A§ and A} refer to dimensionless shear and dilatational relaxation
times respectively. The above equations can be recast in terms of
these dimensionless variables as,

8¢5 coshk™ — 2p*d; exp(—k*) + 4c7k* coshk* + 4c5k* sinh k*

— 2u*d3k* exp(—k*) = cp*k* F 1, (67)
2c7k* sinhk* + 2c3k* coshk* + 2c7k* sinh k* 4 2c5 sinh k*

+ 2c} sinhk* — p*dsk* exp(—k*) — w*d;k* exp(—k*)

* *
— 2 dy exp(—k*) = [s* cothk* — k*{ KoLK }]

T4+ %A 1+ B*AS
x [2cik* coshk* + 2c5k* sinhk* + 2¢5 cosh k*], (68)
2¢7 sinhk* + 23 coshk* = (d + d}) exp(—k*), (69)
and

C*
2c7 coshk* + 2¢3 sinh k* + 21—1 coshk*
k

d*
= _<d§ +dj— k—“) exp(—k*). (70)
The solution of Eqs. (67)-(70) for the dimensionless coefficients
¢}, ¢}, d; and dj would enable the evaluation of the dimensionless
growth coefficient as given by

B* =2(c} sinhk* + ¢} coshk*). (71)
3. Results

The dimensionless parameters as defined by Eqs. (63)-(67) are
specified. Equations (67)-(70) were numerically solved for the di-
mensionless coefficients ¢}, ¢3, d5 and dj for different dimension-
less wavenumbers and dimensionless growth coefficient was deter-
mined from Eq. (71). Typical plot of 8* vs k* for different values of
cp* is shown in Fig. 2a. From Eq. (64), it can be seen that cp* is in-
versely proportional to Hamaker constant and increases with film
thickness. The film is found to be unstable for small wavenum-
bers as indicated by positive growth coefficient. There is a critical
wavenumber k. above which the film is stable and is given by,
ke = (IT'(h)/o)1/2. There is a dominant wavenumber kj;, at which
the growth coefficient is maximum. The maximum growth coef-
ficient is higher for smaller values of cp*. In other words, the
film is more unstable for smaller film thickness and larger values
of Hamaker constant. The maximum growth coefficient decreases
with cp* as shown in Fig. 2b. The effect of dimensionless dilata-
tional (shear) relaxation times on maximum dimensionless growth
coefficient for different values of dimensionless shear (dilatational)
viscosities is shown in Fig. 3. The film is less stable (larger growth
coefficient) for larger values of relaxation times. Also, the growth
coefficient reaches asymptotic values for very large and very small
relaxation times. The asymptotic value is independent of interfacial
dilatational (shear) viscosity for large relaxation times. However,
the asymptotic value for very small relaxation times is a func-
tion of interfacial dilatational (shear) viscosity and is smaller for
larger values of the latter. As can be seen from Fig. 4, the max-
imum growth coefficient is larger (film less stable) for smaller
values of dimensionless dilatational (shear) interfacial viscosities.
Interestingly, the asymptotic values of the growth coefficient for
very large and very small interfacial dilatational (shear) viscosities
are independent of the relaxation times. The asymptotic values for
very small and very large interfacial dilatational (shear) viscosi-
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Fig. 2. (a) Plot of dimensionless growth coefficient versus dimensionless wavenum-
ber for different values of cp*. (b) Dimensionless maximum growth coefficient ver-

sus cp*. Other parameter values are: u* =1, s* = —10, A; =1,A5=1,«*=0.1,
uy=0.1.
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Fig. 3. Plot of dimensionless maximum growth coefficient versus A% (As#) for differ-
ent values of k*(us*). Other parameter values are: u* =1, s* = —10, cp* =1.2.

ties correspond to the values of growth coefficient for fully mobile
and immobile interfaces respectively. The effect of viscosity ratio
Mu* on maximum dimensionless growth coefficient is shown in
Fig. 5 for different values of cp*. As expected, the film is more
stable (smaller growth coefficient) for larger viscosity ratios. Inter-
estingly, the asymptotic value for very large viscosity ratio goes to
zero and is independent of cp*. However, the asymptotic value of
growth coefficient for very small viscosity ratio is a strong function
of cp* and decreases for larger values of cp*. Also, these asymp-
totic values for very small viscosity ratio refer to aqueous foam
films.
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Fig. 4. Plot of dimensionless maximum growth coefficient versus x*(u?) for differ-
ent values of A%(27). Other parameter values are: p* =1, s* = —10, cp* =1.2.
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Fig. 5. Plot of dimensionless maximum growth coefficient versus p* for different
values of cp*. Other parameter values are: A7 = 0.1, A{ = 0.1, s* = —10, «* =0.1,
i =0.1.

The rupture time fyp of an unstable film of thickness 2h is
given by

ln<%> = B*Ttrup, (72)

where fp is the amplitude of fluctuations. For thermal perturba-
tions, the amplitude of initial perturbation can be taken as [10,31],

2kT\ /2 _
fo= (T) (I’ (hy — ok2) /2
1/2 12

From Egs. (71)-(72), one can evaluate the rupture time of a thin
film.

4. Conclusions

Linear stability analysis for an aqueous film sandwiched be-
tween two oil phases with a viscoelastic oil-water interface is
presented. The interfacial dilatational and shear viscoelastic prop-
erties were described by a Maxwell model. Perturbation growth
coefficient is calculated in terms of film thickness and interfa-
cial rheological properties. The maximum growth coefficient was
found to decrease for smaller Hamaker constants and larger aque-
ous film thickness. The aqueous film is found to be more stable
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for smaller values of dilatational (shear) relaxation times corre-
sponding to interfacial rheological property and reaches asymptotic
values for very large and small relaxation times. The maximum
growth coefficient of aqueous film was larger (film less stable) for
smaller values of interfacial dilatational (shear) viscosities. Also,
the asymptotic values of maximum growth coefficient for very
large and very small values of interfacial dilatational (shear) vis-
cosities were found to be independent of relaxation times and
correspond to those for immobile and fully mobile oil-water in-
terfaces respectively. The aqueous film is shown to be more stable
for larger viscosities of the oil phase with the maximum growth
coefficient approaching zero as the ratio of viscosities of oil and
aqueous phases approach very large values. The asymptotic values
of maximum growth coefficient for very small viscosity ratios refer
to those of aqueous foam films.
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